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Summary 

Heterozygous germline inactivating mutations in the aryl hydrocarbon receptor-interacting protein (AIP) gene lead to 
pituitary adenomas that most frequently present in the setting of familial isolated pituitary adenoma syndrome, usually as 
somatotropinomas and prolactinomas. More recently, they have been found in a significant percentage of young patients 
presenting with pituitary macroadenoma without any apparent family history. We describe the case of a 19-year-old 
man who presented with a gigantic somatotropinoma. His family history was negative. His peripheral DNA showed a 
heterozygous AIP mutation (p.M3N), while tumor tissue only had the mutated allele, showing loss of heterozygosity (LOH) 
and suggesting that the mutation caused the disease. 



Learning points: 

• AIP mutations may be observed in sporadic somatotrope adenomas occurring in young patients. 

• LOH is a strong indicator that an AIP variant is disease causing. 

• Somatotrope adenomas in carriers of AIP mutations are generally larger and more difficult to cure. 



Background 



Germline inactivating mutations in the aryl hydrocarbon 
receptor-interacting protein (AIP) gene lead to pituitary 
adenomas that most frequently present in the setting of 
familial isolated pituitary adenoma (FIPA) syndrome, 
usually as somatotropinomas and prolactinomas (1) (2). 
AIP mutation-associated cases of acromegaly differ from 
AIP WT cases, in that they are statistically significantly 
larger, more frequently invasive, occur at a younger 
age, and are relatively resistant to the hormonal and 
tumoral effects of somatostatin analogs (2) (3) (4) (5). 
In AfP-mutated tumors, the heterozygous inactivating 



germline mutations are frequently associated with the loss 
of heterozygosity (LOH) due to a second genetic hit 
(mutation and deletion) of the other allele at the same 
locus at the level of tumor DNA. Recently, it has been 
reported that germline AIP mutations are present in a 
significant percentage of patients who present with a 
pituitary macroadenoma in pediatric age despite the 
absence of a family history of pituitary adenomas (6). 
Knowledge of the presence of such an AIP mutation helps 
the physician in predicting biological behavior and may 
assist in the choice of therapy, as multimodal treatment is 
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usual in these cases where somatostatin analog responses 
are poor (2) (7). Herein, we report the case of a young man 
who presented with a very large ( > 4 cm) somatotro- 
pinoma, whose DNA analysis revealed an AIP mutation 
that was previously unreported in the clinical setting. 



Case presentation 

The patient, an adolescent Caucasian male, first noticed 
enlargement of his hands and worsening headaches 
beginning at the age of 16. His mother reported that he 
grew ~22 cm between 15 and 17 years of age. When aged 
17, he noticed some visual disturbances, which were 
ascribed to astigmatism and were treated with corrective 
lenses. A temporary improvement occurred but he 
reported that his vision again began to worsen. At the 
time, he also noted widening of his feet, pain in his knees 
and lower back, excessive sweating, and the expansion of 
his interdental spaces, associated with malocclusion due 
to a newly developed underbite. He denied symptoms 
of carpal tunnel syndrome or sleep apnea. Owing to the 
continuing headaches at the age of 19, he underwent 
brain magnetic resonance imaging (MRI) that revealed an 
extensive skull base mass, centered in the sellar and 
suprasellar region with compression of the optic chiasm 
and prechiasmatic nerves along with invasion of bilateral 
cavernous sinuses, encasement of the basilar artery, and 
significant extension into the prepontine cistern (Fig. 1). 
He was referred to an endocrinologist. 

He is an only child. His family history was negative 
for pituitary, parathyroid, pancreatic, and gastrointestinal 
tumor, and for recurrent kidney stones and hyper- 
calcemia. His mother was 157.2 cm in height and his 
father was 177.8 cm (midparental height, 174.0 cm). On 
physical examination, he looked frankly acromegalic, 
with frontal bossing, prognathism, widely spaced teeth, 
and thick doughy hands. His height was 190.5 cm 
( + 16.5 cm above midparental height) and he weighed 
135.2 kg (calculated BMI 37.25 kg/m 2 ). His blood pressure 
was 130/70 mmHg. He was normally androgenized, with 
a full beard and Tanner V genital development. Testicular 
volume was ~ 8 ml. 

A neuro-ophthalmological examination showed mild 
bitemporal changes and more prominent inferonasal field 
loss in both eyes, consistent with prechiasmal optic nerve 
compression. Visual acuity was diminished bilaterally 
(L 20/40 and R 20/50), color vision was impaired with 
changes consistent with moderate bilateral optic neuro- 
pathy, and compression of optic nerves. There were no 




Figure 1 

Sagittal (a) and coronal (b) post-gadolinium MRI showing a large sellar 
mass with extensive skull base invasion. 

oculomotor abnormalities and no optic nerve evidence 
of pallor. 

Laboratory evaluation showed a frankly elevated 
serum insulin-like growth factor 1 level of 1056 ng/ml 
(normal range for age/sex, 108-548 ng/ml; Z score, +3.8) 
and an elevated random growth hormone (GH) level of 
138 ng/ml (0-2.9). There was biochemical evidence of 
hypogonadism with a low serum testosterone of 16 ng/dl 
(241-827), accompanied by low luteinizing hormone (LH) 
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(<0.2 mIU/ml) and follicle-stimulating hormone (FSH) 
(0.3 mIU/ml) concentrations. His prolactin level on 
repeated sampling (after dilution) was low at 2.3 ng/ml 
(normal range, 3.0-14.7), his thyroid function tests were 
normal, and his serum Cortisol after adrenocorticotropic 
hormone (ACTH) simulation was 28.3 ng/dl. 

Investigation 

Genetic analysis was performed on patient's leukocytes on 
fresh neoplastic tissue. DNA from blood leukocytes was 
extracted by routine alkaline lysis. DNA was extracted from 
two separate fragments of fresh tumor tissue using the 
DNeasy Kit (Qiagen) following the manufacturer's rec- 
ommendations. The six exons and the flanking intronic 
sequences of the AIP gene were amplified by PCR from 
peripheral blood DNA with previously reported primers (8) 
using standard techniques. The PCR products were purified 
and sequenced in two separate reactions (one with a 
forward primer and the other with a reverse primer) using 
capillary electrophoresis (model 730 XL; Applied Biosys- 
tems), by the Johns Hopkins Genetic Core. GH, prolactin, 
and ACTH immunostainings were carried out with 
commercially available antibodies. AIP immunostaining 
was performed using a monoclonal IgG antibody (Novus 
Biological, Cambridge, UK) at a dilution of 1:1000 on 
preserved paraffin-embedded tissue from the neurosurgical 
specimens. The study was approved by the Johns Hopkins 
Institutional Review Board, and written informed consent 
for the genetic studies was obtained from the patient. 

Sequence analysis from peripheral blood leukocyte 
DNA demonstrated a novel heterozygous mutation in 
exon 1 of AIP (c.38T>A), corresponding to a change of 
amino acid 13 from isoleucine to asparagine (p.I13N) 
(ATOAAC) (Fig. 2a). The two tumor DNA samples 
demonstrated the loss of the normal sequence (Fig. 2b). 
in silico prediction of the impact of amino acid changes on 
functional stability of proteins was performed with 
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). 
This interpreted the I13N change as 'probably damaging' 
with a score of 0.999 (sensitivity, 0.14 and specificity, 
0.99). The histopathology was consistent with a pituitary 
adenoma. Staining for GH was diffusely positive, prolactin 
staining was focally positive, while ACTH and other 
hormones (thyroid-stimulating hormone, FSH, and LH) 
were negative. Ki67 labeling index was estimated to be 
10-15%. Cytokeratin staining demonstrated a sparsely 
granulated pattern. 

AIP immunostaining is shown in Fig. 3. It showed a 
low intensity of staining within the pituitary adenoma 
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Figure 2 

Sequence analysis of part of AIP gene exon 1 performed in blood DNA 
showing the heterozygous mutation 38T/38A (corresponding to p.H3N) 
(a) and in two different areas of the somatotropinoma (b and c) showing 
only the mutated allele sequence. 

with some heterogeneity due to scattered cells having 
a closer to normal intensity of staining (for comparison, 
strong cytoplasmic staining for AIP is shown in the normal 
pituitary (Fig. 3, inset)). 

Treatment 

The patient underwent an initial transsphenoidal surgery, 
which resulted only in partial tumor removal. A second 
surgery via supraorbital approach was performed. 

Outcome and follow-up 

The second debulking surgery resulted in complete 
decompression of the optic chiasm. GH level remained 
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Figure 3 

AIP immunostaining (X 100) showing heterogeneous staining, with 
predominantly low-intensity or negative-staining cells with occasional cells 
displaying normal intensity. Staining intensity in the normal pituitary is 
shown in the inset image. 

elevated at 4 weeks after surgery (59.4 ng/ml). Prolactin 
was further reduced to 0.3 ng/ml. Residual disease remains 
particularly in the prepontine area, with future plans 
for adjuvant medical (somatostatin analogs) and radio- 
logical therapy. 

Discussion 

Germline AIP mutations are being reported with an 
increasing frequency in FIPA families and in patients 
with apparently sporadic early-onset pituitary macroade- 
nomas (2). Patients with these mutations usually present 
as children/adolescents or as young adults with large 
aggressive macroadenomas that are usually somatotropi- 
nomas (although all pituitary subtypes have been 
described in association with AIP germline mutations). 
Acromegaly patients with AIP mutations have statistically 
significantly higher GH levels at diagnosis when compared 
with sporadic AIP WT tumors (3). As our patient's clinical, 
hormonal, and radiological presentation fit this profile 
and was in line with recent genetic screening recommen- 
dations (2), we decided to sequence the AIP gene despite 
the lack of evidence of familial disease. 

Although he did not meet the criteria for gigantism 
based on not being > + 2 s.d. above the current mean 
height for United States (US) males, he was markedly taller 
than his midparental stature. As he appeared fully 
androgenized, we suspect that hypogonadism had 
appeared recently, and that his epiphyses closed before 
his stature could increase further. It is also interesting that 



prolactin level was low. This may reflect the destruction of 
normal pituitary tissue, as reported in 25% of pituitary 
macroadenomas (9). 

The I13N change has not been previously reported in 
the clinical setting. This amino acid change substitutes 
a hydrophobic residue with a hydrophilic residue. This 
isoleucine residue is highly conserved in baboon, bovine, 
horse, rat, mouse, and zebrafish AIP, suggesting functional 
importance (www.ensemble.org), and the PolyPhen-2 
prediction suggests that this change is probably damaging 
to the protein structure. Data from the Exome Variant 
Server reported one instance of this change (rs3 769 13545) 
in an individual without clinical details; predicted effects 
of this change were also classified as probably damaging. 
Although more knowledge about the function of the AIP 
protein is being gained (2) (10) (11), no readily available 
functional assays exist to determine whether an AIP amino 
acid change is a mutation or a rare polymorphism. Much 
of the functional data regarding AIP protein have focused 
on the C-terminal domain, but recent information about 
the N-terminal structure and its binding of the important 
chaperone hsp90 has provided a possible pathophysiolo- 
gical pathway for the current and previous N-terminal AIP 
mutations (12) (13). It is generally believed that the AIP 
protein acts as a tumor suppressor gene and that the 
product of a single normal allele is sufficient to prevent 
tumorigenesis. A second somatic mutation ('second hit') is 
necessary to lose the expression of the normal allele and to 
cause disease. When AIP activity is lost, it has been shown 
recently that the mechanism of tumorigenesis is related to 
the loss of inhibition of cAMP synthesis due to alteration 
in the function of inhibitory G-protein Gori2 (11). 
Accordingly, DNA sequence from two different areas of 
the macroadenoma showed only the mutated allele, with 
this LOH strongly suggesting that this amino acid change 
causes protein function abnormalities. Regrettably, DNA 
from the parents was not available, and therefore we 
cannot determine whether the mutation was inherited or 
if it occurred de novo. 

The AIP immunostaining was consistent with the 
patterns observed in other pathological mutations, with 
decreased intensity when compared with the normal 
pituitary (14). This pattern indicates that, in this case, 
the AIP p.I13N change is associated with decreased 
expression of the AIP protein. Low AIP staining intensity 
is now well established to be a marker for more aggressive 
pituitary adenomas, including poor responses to somato- 
statin analogs (14) (15). 

AIP belongs to the family of tetratricopeptide repeat 
(TPR) domain-containing proteins. It contains an 
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inactive peptidyl-prolyl cis-trans isomerase (PPIase)-like 
domain, and three TPR motifs and a final a7 helix at 
the C-terminus (16). The TPR domains are highly 
degenerate consensus sequences of 34 amino acids, often 
arranged in tandem repeats, formed by two a-helices 
forming an antiparallel amphipathic structure that 
mediates intra- and intermolecular interactions in many 
proteins (10). 

Owing to the lack of family history of pituitary tumors 
and of DNA from family members, we have no data on 
the segregation of the I13N change. Although the finding 
of LOH is strong evidence, it is not necessarily a proof 
that this variant is itself pathogenic. Other possibilities 
could explain LOH, such loss of AIP locus (common in 
pituitary tumors), or the existence of another AIP variant 
(in a non-coding or non-sequenced regions) that could be 
in fact the pathogenic one. Indeed, Toledo et al. (17) 
reported a patient with an AIP mutation diagnosed 
with both acromegaly and adrenocortical carcinoma 
(ACC). Although both tumors presented AIP LOH, it does 
not necessarily mean that the AIP mutation also caused 
the ACC. 

In summary, we describe a young man with a very 
large somatotropinoma, who carries a germline AIP 
missense mutation described for the first time in the 
clinical setting, with the LOH in tumor samples. The 
p.I13N change should be considered as a likely disease- 
associated AIP mutation. 
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